E-cigarettes are promoted as healthier alternatives to conventional cigarettes. Many cigarette smokers use both products. It is unknown whether the additional use of e-cigarettes among cigarette smokers (dual users) is associated with reduced exposure to tobaccorelated health risks. Cross-sectional analysis was performed using baseline data from the Health eHeart Study, among English-speaking adults, mostly from the United States. Cigarette use (# cigarettes/day) and/or e-cigarette use (# days, # cartridges, and # puffs) were compared between cigarette only users vs. dual users. Additionally, we examined cardiopulmonary symptoms/ conditions across product use: no product (neither
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Introduction
The harmful health effects of tobacco use are well-established, including an array of cardiovascular and pulmonary diseases and cancers [1] . Nearly 15% of the U.S. adult population smoke cigarettes [2] . Although most smokers want to quit, and repeatedly make quit attempts, they frequently relapse even with the assistance of evidence-based cessation therapeutics [3] . Since the emergence of e-cigarettes (and vapes), cigarette smokers have initiated e-cigarette use with the intention to reduce or quit smoking conventional cigarettes [4] [5] [6] [7] [8] [9] [10] [11] . E-cigarette companies have promoted e-cigarettes as less harmful than cigarettes, and as a cessation aid, although without formal approval by the US Food and Drug Administration to make such therapeutic claims [12] . As of 2014, nearly 4% of adults reported e-cigarette use every day or on some days [13] and 59% of e-cigarette user also reported cigarette use [14] . It is unclear whether dual users are smoking fewer cigarettes, given the additional source of nicotine via e-cigarettes, compared to those who only smoke cigarettes. The present study examines exposure to tobacco-and e-cigarette-related toxicants and health risks by product use, particularly, whether the additional use of e-cigarettes among cigarette smokers, or dual use, was associated with benefits such as reduced risk exposure.
A major barrier to quitting smoking is the addictiveness of nicotine, which is compounded by cigarette engineering that maximizes the addictive potential of delivered nicotine [15] [16] [17] . A longitudinal study among the US population reported smokers who made a quit attempt were more likely to use e-cigarettes over current FDA-approved pharmacotherapies [18] . Smokers' preferences for e-cigarettes over approved cessation methods might be explained by the novelty of e-cigarettes, although it has also been shown that products such as nicotine patches, gum, and inhalers were less efficient than e-cigarettes in delivering nicotine [19] . Epidemiologic data indicate that approximately 22% of e-cigarette users were recent former cigarette smokers (< 1 year) and 16% were current cigarette smokers [13] . These data suggest that some smokers may have quit with the aid of e-cigarettes. A substantial subset of the population however are dual users, and, unless they quit smoking cigarettes, are exposed to harmful substances associated with cigarettes and potentially e-cigarettes.
Hypothetically, among dual users, the addition of nicotine from e-cigarettes should supplant nicotine levels otherwise met by smoking cigarettes and thereby reduce their cigarette intake. However, e-cigarettes deliver lower levels of plasma nicotine compared to conventional cigarettes [19] [20] [21] , which could leave dual users unsatisfied and likely to titrate their nicotine intake to reach satiety. Therefore, it is unclear whether dual users are smoking fewer cigarettes per day and reducing their exposure to tobacco smoke and nicotine, or if they are smoking the same amount and merely introducing more toxicants and nicotine from the added use of ecigarettes. Experimental studies have found a link between e-cigarette use and effects on pulmonary function, including irritation and restriction of airways, from the effects of propylene glycol, which is a main ingredient of e-liquids [22] . The synergistic effect of dual use is largely unknown with respect to nicotine dependence and both short-term and long-term health effects. Epidemiologic data on dual use and health is scarce and warrants further investigation. The Health eHeart Study is an ongoing internet-based study aims to collect and analyze mobile and digital health data, with an enrollment goal of one million participants worldwide, to discover novel approaches to preventing and treating heart disease [23] . It includes assessment of cigarette and e-cigarette use and health symptoms and conditions. The primary purpose of the present study was to assess whether dual users smoke fewer/more cigarettes per day, and therefore might have lower/higher risk exposure from conventional cigarettes, compared to those who smoke only cigarettes. A secondary aim was to compare differences in the prevalence of pulmonary and cardiovascular health symptoms and conditions across product use groups particularly between cigarette only users and dual users. These findings can inform whether dual users might be at greater exposure to toxicants and health risks, and therefore, might require more tailored guidance for quitting cigarettes and e-cigarettes.
Methods

Study design
We conducted cross-sectional analyses using data from the Health eHeart Study, which includes English-speaking adults aged 18 years and over. 
Measures
Demographics, lifestyle, and well-being. Basic and social demographics included age, sex, race/ethnicity, education, income, familial relationships, and technology use. Lifestyle and well-being were measured using validated survey instruments, which included the 7-item International Physical Activity Questionnaire [24] , 9-item Patient Health Questionnaire (mood) [25] , and 7-item General Anxiety Disorder Scale [26] .
Product categories: Neither, e-cigarettes, cigarettes, and dual use. Participants who responded (1) "yes" to "Have you ever smoked cigarettes regularly (at least 1 cigarette per day and a total of 100 cigarettes in your lifetime)?" and (2) "every day" or "some days" to "Do you smoke now?" were defined as (current) cigarette users. Number of cigarettes was assessed with the question "On average, how many cigarettes per day do you smoke?" Those who responded, "every day" or "some days" to "Do you now use e-cigarettes" were defined as (current) e-cigarette users. E-cigarette dose was asked in several ways: (1) "On how many of the past 30 days did you use an e-cigarette?"; (2) "On average, [on those days you used e-cigarettes], about how many cartridges or refills did you usually use each day?" Those who qualified as both a cigarette user and e-cigarette user were defined as dual users. No product use was categorized as neither.
Medical symptoms & conditions. Medical symptoms and conditions that might be associated with either cigarette or e-cigarette dual use were included for analysis. The SF-12 General Health Questionnaire was used to calculate an overall health score [27] . Two separate items assessed breathing difficulty: (1) "This is a scale that asks you to rate the difficulty of your breathing. It starts at number 0 (nothing at all) where your breathing is causing you no difficulty at all and progresses through to number 10 (maximal) where your breathing difficulty is maximal. How much difficulty does your breathing cause you typically?" and (2) "In thinking about your breathing, and any difficulties you may have with your breathing, what level of difficulty best describes your breathing normally over the past month?" Response options were: (i) I only get breathless with strenuous exercise; (ii) I get short of breath when hurrying on level ground or walking up a slight hill; (iii) On level ground, I walk slower than people of the same age because of the breathlessness or have to stop for breath when walking at my own pace; (iv) I stop for breath after walking about 100 yards or after a few minutes on level ground; and (v) I am too breathless to leave the house or I am breathless when dressing.
Other medical symptoms and conditions included chest pain, "Have you had any pain, discomfort or pressure in your chest anytime over the past year." "Have you ever been told by a doctor or nurse that you have, or have been treated for, any of the following conditions (in the past or currently)?": palpitations, loss of consciousness or syncope, high blood pressure or hypertension, high cholesterol, diabetes, coronary artery disease/ angina, heart attack, blocked arteries (legs), blood clots (veins or lungs), congestive heart failure, stroke or TIA (transient ischemic attack), enlarged heart, atrial fibrillation, arrhythmia, sleep apnea, COPD, asthma, or cardiac arrest.
Statistical analysis. Descriptive analysis was performed for all variables. Means (SD) were calculated for parametric continuous variables and compared using t tests, linear regression, ANOVA, or ANCOVA; and percentages for categorical variables using Chi-square tests. The distributions of continuous variables that were not normally described are summarized as medians with interquartile ranges (IQR), and those described were compared using the Wilcoxon-Mann-Whitney test. Basic demographic variables and lifestyle and well-being factors were compared across e-cigarette, cigarette, and dual users. In separate models, we compared (i) number of cigarettes smoked per day between cigarette only users and dual users and (ii) e-cigarette dose variables between e-cigarette only users and dual users (i.e., number of days in the past 30 days, number of cartridges/refills per day, and number of puffs per day). Multivariate models adjusted for age, sex, race, education, physical activity, PQH score, and GAD score.
In the health symptoms/conditions analysis, we compared general health scores and two separate breathing difficulty scores (typically and in the past month), and frequency of "yes" responses to ever or currently having a symptom or condition, between cigarette only users and dual users. Additional analysis compared the same set of health symptoms/ conditions across mutually exclusive product groups: neither (reference), e-cigarettes only, cigarettes only, and both. Separate ANCOVA were fitted for general health, difficulty breathing (typically), difficulty breathing (past month), chest pain, palpitations, lost consciousness or syncope, high blood pressure, high cholesterol, diabetes, coronary artery disease, heart attack, blocked arteries in the legs, blood clots, congestive heart failure, stroke, enlarged heart, atrial fibrillation, arrhythmia, sleep apnea, COPD, asthma, and cardiac arrest. Multivariate models were adjusted for age, sex, race, education, cigarettes per day, coronary artery disease, congestive heart failure, and COPD. All statistical analyses were performed using SAS Version 9.4 (SAS Institute, Cary NC).
Results
Sample characteristics
In the ongoing Health eHeart Study, the 39,747 participants who had complete baseline data at the time of analysis were included in our study. In this sample, participants were mostly nonHispanic White, female, and with particularly high levels of education. A total of 573 (1.4%) reported using e-cigarettes only, 1,693 (4.3%) cigarettes only, and 514 (1.3%) reported dual use (Table 1) . Among e-cigarette only users, 118 (21%) reported that they had never smoked even one cigarette in their lifetime. E-cigarette only users were younger, more likely to be male, Asian, and have a high school level of education. Cigarette only users were more likely to be male, in the "other" race/ethnicity, and have less than a high school level of education. Dual users were most likely to be Asian and have less than a high school level of education. Dual users reported the lowest physical activity levels, followed by cigarette only users, then e-cigarette only users. Dual users also exhibited higher depression and higher anxiety scores compared to cigarette only users.
E-cigarette and cigarette use
Among e-cigarette users, 53% reported using e-cigarettes only, and 47% were dual users. There were no significant differences in e-cigarette dose measures in those who reported e-cigarette only use and dual use for number of: (i) days of e-cigarette use in the past month, (ii) cartridges/ refills per day, or (iii) puffs per day (Fig 1) . For those who reported cigarette use, 77% reported using cigarettes only and 23% were dual users. Dual use was associated with a slightly higher median number of cigarettes smoked per day (10.0 cigarettes per day, IQR = 3.0-15.0) compared to those who reported smoking only cigarettes (9.0 cigarettes per day, IQR = 4.0-20.0), and this difference was statistically significant after adjusting for covariates (p < .0001) (Fig 2) .
Medical symptoms and conditions
Compared to those who only smoked cigarettes, dual users exhibited worse median general health scores and breathing scores. Dual use, as compared to smoking cigarettes only, was associated with lower general health scores (worse) (UADJ: ß = -.04, 95% CI: -.06 to -.01, p = .003; ADJ: ß = -.02, 95% CI: -.05 to .01, p = .002), comparable breathing difficulty scores typically (UADJ: ß = .003, 95% CI: .-007 to .01, p = .53; ADJ: ß = -.0009, 95% CI: -.01 to .01, p = .001), and higher (worse) breathing difficulty scores in the past month (UADJ: ß = .02, 95% CI: -.009 to .04, p = .21; ADJ: ß = .01, 95% CI: -.02 to .04, p = .001), after adjusting for age, sex, race, education, cigarettes smoked per day, coronary artery disease, congestive heart failure, and COPD (Fig 3) . In examining the 19 cardiopulmonary conditions and risk factors between the two groups, only having a history of an arrhythmia was found to be significantly different between cigarette only users (14.2%) and dual users (17.8%) after adjusting for covariates (p = .02) (Fig 4) . E-cigarette use alone was associated with risk of health symptoms and conditions. Compared to those who reported no product use (reference group), those who reported e-cigarette only use, had lower (worse) general health scores, higher (worse) breathing difficulty scores, both typically and in the past month, and were more likely to report chest pain, palpitations, coronary artery disease, arrhythmia, COPD, and asthma (Table 2) .
Discussion
In the Health eHeart Study, there was no evidence of reduced exposure to cigarettes, e-cigarettes, or health risks among dual users. These data suggest that, in this sample, the added use of e-cigarettes did not appear to supplant nicotine levels that might have otherwise been delivered via combustible cigarettes. An alternative explanation is that those with higher baseline nicotine dependence, who typically smoke more cigarettes per day, were more likely to be dual users. Greater nicotine dependence among dual users might explain why some studies have shown that e-cigarettes were not associated with reduced smoking or quitting smoking [28] [29] [30] [31] [32] [33] . In this study, dual use was associated with smoking a median of one more cigarette per day compared to those who smoked only cigarettes. This was a small and statistically significant difference. Dual use was also associated with poorer general health and greater breathing difficulty in the past month compared to those who smoked only cigarettes. Given the rather small differential in the median number of cigarettes smoked per day between dual users and cigarette only users, the role specifically that of e-cigarettes in dual users warrants further investigation. These data provide epidemiologic evidence that dual use and e-cigarette use alone were associated with greater cardiopulmonary health risks. More studies are needed to examine both short-term and long-term health effects of e-cigarette use and potential synergistic effects of dual use.
Dual use and cigarette/e-cigarette exposure
In the present study, even with the use of e-cigarettes, dual users did not smoke fewer cigarettes than those who smoked only cigarettes. It may be possible that the added nicotine from e-cigarettes did not satisfy dual users' nicotine levels enough to reduce their usual cigarette intake. Studies have shown that e-cigarettes deliver lower levels of plasma nicotine than conventional cigarettes [20, 21] , although more experienced e-cigarette users can also adjust their devices and e-liquid nicotine concentrations to achieve their desired nicotine levels [19, 22] . In the Health eHeart Study sample, there were no detectable differences in e-cigarette use dose, as measured by number of days, cartridges/ refills, and puffs per day, between those who reported using e-cigarettes only and dual users. Overall, dual users had greater exposure to toxicants The only statistically significant difference between cigarette only users and dual users was arrhythmia (ADJ p = .02). Models adjusted for age, sex, race, education, cigarettes per day, and as needed, coronary artery disease, congestive heart failure, and COPD.
https://doi.org/10.1371/journal.pone.0198681.g004 from using both cigarettes and e-cigarettes. This finding is consistent with a study by Shahab et al. (2017) , where exposure to carcinogens and toxins was not substantially reduced in dual users compared to those who smoked only cigarettes [34] .
In the Health eHeart Study sample, one fifth of e-cigarette users reported never smoking cigarettes, whereas the remaining majority of e-cigarette users were former cigarette smokers. This is consistent with a study by Zhu et al. (2017) , which reported a significant association between a substantial increase in e-cigarette use among cigarette smokers and smoking cessation rates at the US population level [35] . These data suggest that some cigarette users, perhaps those with lower nicotine dependence, might have successfully quit smoking cigarettes with the aid of e-cigarettes. However, dual use was not associated with reduced risk of tobacco exposure compared to smoking cigarettes alone. Further, the added exposure to e-cigarette toxicants, including more nicotine, might have adverse health outcomes.
Dual use, nicotine dependence, and health
Dual users are exposed to toxicants from cigarette smoke, e-cigarette vapor, and nicotine from both products. In the Health eHeart study, dual users were more likely to report lower general health scores and greater breathing difficulty. The health risks of first-and secondhand cigarette smoke exposure are well-established [1] , and the evidence for e-cigarettes on pulmonary and cardiovascular health risks is growing. In the present study, compared to those who did . These conditions may be attributed to the increased exposure to nicotine (from e-cigarettes), which itself is associated with acute cardiovascular events and accelerated atherogenesis [45, 46] . These study findings provide early epidemiologic evidence to suggest that dual users are at higher risk of breathing difficulty and arrhythmias, and that this increased risk is likely attributable to e-cigarette use or the potential combined effect of cigarette and e-cigarette use. More studies are needed to elucidate the relationship between dual use and both short-and longterm health outcomes. In the meantime, we recommend dual users treat e-cigarettes (at the very least) like other nicotine replacement pharmacotherapies and recognize the potential for increased nicotine exposure. There is also the added risk of exposure to e-cigarette toxicants and the potential synergistic effect of dual use on health. Therefore, dual users are encouraged to stop smoking cigarettes and e-cigarettes to minimize tobacco and e-cigarette-related health risks.
Limitations
The cross-sectional nature of the present analysis limits causal inferences that can be made from these results. The timing of e-cigarette initiation was not available. The Health eHeart Study sample was not representative of the general US population, which could induce selection bias, and therefore limits the generalizability of our findings. For example, prevalence rates for cigarettes and e-cigarettes were lower in Health eHeart Study participants compared to the general US population. This discrepancy is likely due to higher proportions of Health eHeart Study participants, who were female, older age, and those with particularly high levels of education, which are factors associated with lower smoking prevalence rates in the general US population [47] .
A validated measure of e-cigarette dose was not available, nor does one exist for comparison, which limits our ability to accurately assess frequency, quantity, and type of e-cigarette/ eliquid use. The wide variation in e-cigarette/ vape devices, e-liquids, settings, and individual uptake that influence nicotine delivery and absorption add to the complexity in measuring ecigarette dose [48] . In addition, it is important to mention that self-reported outcomes might result in recall bias, although the participants in this study did not necessarily know which predictors (such as e-cigarette use or smoking as opposed to all of the covariates collected in many surveys in the Health eHeart Study) would be used to assess relationships with which symptoms. The Health eHeart Study does not include assessment of baseline nicotine dependence levels. It is uncertain whether smokers with greater nicotine dependence, which is positively associated with the total number of cigarettes smoked per day and greater difficulty quitting smoking [49] , were more likely to use e-cigarettes, which might explain why dual use was not associated with smoking fewer cigarettes or reduced health risks. For example, smokers who have had greater difficulty quitting smoking, prolonged exposure to tobacco smoke, and prevalence of respiratory issues, could have been more inclined to initiate e-cigarette use with the intention to reduce or quit smoking conventional cigarettes. More epidemiologic studies, including longitudinal studies, are needed to further examine dual use, exposure to cigarette and e-cigarette toxicants, and health outcomes, while accounting for baseline nicotine dependence levels.
Conclusions
These data demonstrate that, among dual users, the use of e-cigarettes was not associated with less exposure to tobacco smoke or health risks. It provides epidemiologic evidence specifically linking e-cigarettes, and possibly a synergistic relationship between cigarettes and e-cigarettes, to having adverse pulmonary and cardiovascular health symptoms/conditions. Many smokers are adopting e-cigarettes for smoking cessation, which warrants effective strategies to help dual users wean off both cigarettes and e-cigarettes.
